Objecti6e: To test prospectively the unsubstantiated claim that patient-specific predictions of time-related outcome after coronary artery bypass grafting (CABG) from multivariable parametric equations are reliable for medical decision making and for intra-and interdepartmental quality control in surgical training and practice. Methods: 3720 survival curves were generated prospectively for all primary, isolated CABG patients operated upon at the Katholieke Universiteit (KU) Leuven between July, 1987 and January, 1992 using the published AHA/ACC guidelines multivariable equation derived from prior KU Leuven experience. The average of these curves (risk-adjusted predicted survival) was compared to the Kaplan-Meier (actual) estimates, overall and for patient subsets. Variables associated with systematic deviation of actual from predicted number of deaths were sought by multivariable residual risk analysis. Results: Actual overall survival was less good than predicted (P =0.03) and the excess risk was distributed uniformly across time. The excess risk was not attributable to substantial changes in prevalence of known risk factors. It was attributable largely to a small subset of patients (n= 292) with low-prevalence, but important risk factors not accounted for by the equation (P=0.7, for difference in survival among the remaining 3428 patients). Conclusions: Within the confines of a single institution, patient-specific predictions of outcome after CABG can be made reliably in most patients using multivariable equations developed from a heterogeneous experience, despite changes in prevalence of risk factors. New subsets of high-risk patients, failure or inability to account for important rare risk factors or for institutional changes, may lead to systematic errors of prediction. Under these limitations it is an excellent tool for medical decision making and audit of surgical training and practice.
Introduction
ACC/AHA guidelines and indications for coronary artery bypass graft surgery advocates the use of patientspecific time-related outcome predictions from multivariable equations to provide the physician, patient, and family with useful and reliable information upon which to make an informed decision concerning therapy in ischemic heart disease [1] . The guidelines reproduced for such use multivariable equations developed from the Katholieke Universiteit Leuven Coronary Surgery Database [9] [10] [11] . However, rarely has the reliability of time-related predictions from parametric outcomes equations developed using observational clinical experience been tested, despite their development for just this kind of application [5] . In this study, we test prospectively the reliability of using such an outcomes equation. We also wanted to test the conditions under which these equations can be used as a tool for intraand interdepartmental quality control or medical audit of surgical practice and training, extending beyond the hospital stay and covering at least the procedure-in- Table 1 Risk factors for death after primary, isolated CBPG and the hazard phase in which they exert their effect. 
Materials and methods

Patients
Between July 1987 and January 1992, 3720 patients underwent primary, isolated coronary artery bypass grafting (CABG) at the Cardiac Surgery Department, Gasthuisberg Universitaire Ziekenhuizen, Katholieke Universiteit Leuven, Belgium (KU Leuven). None of this prospectively studied cohort had been part of an earlier study of outcome after CABG emanating from this institution. The follow-up is based on a continuous update of information and an additional cross-sectional follow-up conducted between January 1993 and August 1994. A common closing date for outcomes information was set at 1 January 1993. The follow-up was 99.9% complete. Follow-up ranged from 12 to 66 months; 10 were followed more than 59 months, 25 more than 50 months, 50 (median) more than 36 months, 75 more than 24 months, and 90% more than 17 months. Time-related events were analysed using the life table method of Kaplan and Meier [8] .
Equations
The outcome equation for death after CABG published in the AHA/ACC guidelines was used for this study [1] . It consisted of the variables outlined in Table  1 . It had been developed by multivariable hazard function regression analysis [2] of a cohort of 5880 patients from KU Leuven operated upon between 1971 and 1987 [9, 11] .
Patient-specific predictions
For each of the 3720 patients, values for each variable in the prediction equation were obtained from the patient's clinical record. These values were substituted into the equation, and the equation solved across time out to 66 months. This generated both a time-related survival curve and, from unpublished information available from the authors, its 70% confidence limits. In addition, at the value for the time-interval representing the end of each patient's follow-up (or at the time of death), a single survival estimate was generated from the equations and converted to the cumulative hazard domain (minus the natural logarithm of survival).
Reliability of predictions
Overall time-related risk-adjusted survival was estimated by summing the individual patient survival curves and dividing by 3720. The formal details and statistical justification for this have been published previously [3, 5] . Risk-adjusted survival was superimposed on the Kaplan-Meier estimates for visual comparison. Formal statistical testing of the reliability of fit was obtained by summing the 3720 cumulative hazard estimates and comparing these with the number of observed deaths using the mathematical theorem of conservation of events.
Analysis of residual mortality
The time-related departure of predicted mortality from actual mortality was estimated by determining within intervals of follow-up time predicted deaths (sum of cumulative hazard within the interval) and the actual deaths. Systematic departures from prediction were explored initially by comparing predicted and actual survival in multiple subsets of patients. Multivariable hazard function regression analysis of residual risk was accomplished by forcing into the analysis the variables in the original ACC/AHA equation, then allowing any additional variables to enter whose association with the distribution of times until death was incompletely accounted for. These additional variables were retained if their P value was less than 0.05. Two variables (one surgeon and number of endarterectomies) could not be forced into the analysis of residual risk since in the new era these were not associated with sufficient information to allow the model to converge. The shaping parameters were fixed at the value in the ACC/AHA equation, but the statistical software did not allow fixing the value of the risk factor coefficients. We thus carefully watched for the entry of any variable that changed importantly the value of these from that in the original equation, since such factors tend not to reflect associations with residual risk but rather are variables preferred to the original ones and correlated with them.
Comparisons of risk factor pre6alence
It is well known that the prevalence of the risk factors contained in the equations used in this study has changed over time. We compared the prevalence of risk factors in the 3720 patients with the previous study of 5880 patients to document the magnitude of these differences. In addition, we sought to determine the effects of operating upon subgroups of patients not represented in the previous study and the effects of institutional changes (e.g. surgeons) that had transpired since the original study.
Results
Reliability of sur6i6al estimates
The individual predicted survival curves varied substantially from patient to patient (Fig. 1) . The P value of the difference at 30 days after the procedure between the risk-adjusted survival (Section 2) and the actual survival (Kaplan-Meier estimates) was 0.3. So there was an excellent prediction, covering only a very short but high risk interval. Risk-adjusted predicted survival for the whole extent of the analysis was well within the confidence limits of actual survival; however its systematic deviation from actual resulted in the number of predicted deaths being less than actual by more than could be accounted for by chance (Fig. 2) . This underestimation of risk occurred rather uniformly across the entirety of follow-up (Fig. 3 ).
Sources of risk underestimation
When the patients were stratified according to hemodynamic status at operation, or according to the number of diseased coronary systems, the risk for smaller subgroups was reasonably well predicted, while that for 2 . Actual survival among the prospective study group (n = 3720) compared to predicted survival. Each circle represents a death, and is positioned at the time of death along the horizontal axis and according to the Kaplan-Meier life table method along the vertical axis. The vertical bars are the 70% confidence intervals for these estimates. The numbers in parentheses are the number of patients traced at that point in time. The superimposed solid line is the predicted survival, enclosed in 70% confidence intervals (dashed lines). Notice the systematic underestimation of survival. Superimposed on the figure that depicts lack of fit in terms of predicted time-related survival curves, is a table that depicts actual and predicted number of deaths using the predicted cumulative hazard method (see Section 2, Patient-Specific Predictions). Surgeon X was one of four young, inexperienced surgeons (Table 3) introduced into the institution during the prospective study. His risk-adjusted results were inferior to that of the established surgeons and of that of the three other young surgeons (their patients experienced 4.8% mortality during the 66 month follow-up of the study interval when 3.5% was predicted, with P= 0.08). The low predicted risk was due to their operating on patients with a lower than average prevalence of risk factors. However, the increased risk for Surgeon X was not identifiable by non-risk-adjusted univariable stratified life table analysis (Gehan-Wilcoxon [6] ) with a P value of 0.2.
In the small subsets of patients with known preoperative malignancies or who were on dialysis, variables representing them were examined in the earlier study, but stable regression coefficients could not be obtained due to their low prevalence. Variables representing the four remaining low prevalence variables were not available at the time of the original study.
Multivariable analysis of residual risk identified five (Table 4 ) of these eight variables to be risk factors above that accounted for by the original variables larger subgroups was underestimated (Figs. 4, 5 ). In general, when patients were stratified univariably according to variables present in the risk factor equation, a similar pattern of underprediction in larger subsets of patients was observed. This led to an investigation of subsets of patients with regard to all variables not contained in the original equation. The investigation revealed several subgroups of patents whose risk was poorly predicted (Table 2 ).
In the case of hypertensive patients, the P value for including it in the original equation had been 0.09. Non-hypertensive patients, as a group, did not depart substantially from predicted survival (136 deaths among 2294 non-hypertensive patients, 129 predicted, P=0.5). Fig. 3 . Predicted compared to actual number of deaths in intervals of follow-up time. The depiction was generated by summing the cumulative hazard predicted within each interval (predicted deaths) and comparing it to the actual number of deaths occuring within the interval. Fig. 5 . Stratified depiction, of patients by the number of coronary systems diseased at the time of operation. For clarity, a graph is presented only for 3-system disease, while the table includes 1, 2 and 3 system disease (as in Fig. 2 ). ( Table 5 , P = 0.07, for surgeon X). The patients having these risk factors were aggregated into a group of 235 (Fig. 6) . As a group their predicted mortality was higher than the remaining 3428 patients and their risk was substantially underestimated, while that of the remaining group was well predicted. Fig. 7 illustrates the importance of this small group of patients, for when they are removed, actual mortality in stratified subgroups of patients is predicted without systematic discrepancies.
Pre6alence of risk factors
The predictions, particularly among the large subgroup of patients without risk factors not accounted for in the previous study, were reliable despite substantial differences in prevalence of known risk factors between the earlier and the prospective eras (Tables 5 and 6 ).
Discussion
Limitations of study
The study was conducted prospectively using an equation developed from the experience in a single institution of an earlier surgical era, extending back to 1971. However, the study group and the equation come from the same institution as the prospective study. Our predictions, then, may be better than those obtained in a different setting, or from multi-centre data. We would anticipate that the difference would largely reside in the early hazard phase, however, since the influence of the institution may be more pronounced in the early time frame.
The equation used for prediction did not arise from a controlled prospective study, but simply from a consecutive multi-year clinical experience. The original study may be criticised, therefore, on the basis that entry of its patients was on unstated, and changing clinical criteria, and that the operations and knowledge of coronary artery surgery were evolving at the time. Auditing surgical practice and training is confronted with the same changing patient-selection criteria and evolution in surgical technique.
That the predictions under different circumstances in the prospective study group in the current era are reliable, attests, nevertheless, to the value of clinical Table 3 Cross-tabulation of the absolute number of isolated primary CABG cases performed by seven surgeons 218 243 203  1982  -----1983  -175  --247 186  240 185 ----1984  159  275 212 ----1985  155  1986  82  ----281  387  358  44  1987  19  --14  281  3 341 293  1988  117  6  --1989  -299 157 260 -65 ---170  -356  1990  87 308  -1991  164  74  310 90 257 -a Three of the most experienced surgeons with the largest annual number of cases by year of surgery for the last ten years of the initial and of the prospective study population and four unexperienced surgeons DE EF FG GH. Table 5 Prevalence of risk factors in the time-frame 1971 to July, 1987 and in the recent era of the prospective study, July 1987 to January, 1992. (Fig. 4) . (b) Survival stratified by number of coronary systems diseased (Fig. 5) . For clarity, a graph is presented only for 3-system disease, while the table includes 1, 2 and 3 system disease.
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experiences, properly analysed, as the basis for clinical predictions and recommendations.
Underestimation of risk
Several sources of excess mortality were identified that resulted in underestimation of risk. First was the introduction into the surgical program of new, inexperienced surgeons whose patients experienced more deaths than expected, particularly in the case of one surgeon. However, in the multivariable analysis these differences were only possibly not due to chance (P = 0.07).
Second, at least one variable present in the original data set, did not meet the (P = 0.05) level for inclusion into the model at that time, resulting in univariable analysis in unaccounted-for deaths in this subset. This is a recognised consequence of being guided in risk factor modelling by the philosophy of parsimony. It is counterbalanced by the risk of over specification of the model. It should be noted, however, that by multivariable analysis this factor did not enter, its apparent influence being accounted for by the presence in it of patients having high risk for other reasons.
Third, risk factors, even quite powerful ones, representing small subsets of patients are unlikely to be identified when their prevalence is low (in this case, preoperative active or healed malignancy and dialysis). However, the previously low prevalence of operations upon hemodynamically unstable patients in the earlier era, that nevertheless allowed estimation of its effect, predicted well in the similar subset of cases in the prospective study.
Fourth, in an era of changing risk factor prevalence, the absence of variables representing strong risk factors leads to important unaccounted-for mortality and, therefore, underestimation of risk in patient subgroups having these factors (in the original study, this included variables related to atrial and ventricular arrhythmia's and cardiac valve lesions). However, it is unlikely that, had these variables, representing low-prevalence subgroups, been available originally, stable risk factor coefficients would have been obtained. Recently (after Fig. 6 . Stratified depiction, of patients by the presence and absence of low prevalence, unaccounted for risk factors (malignancy, preoperative dialysis, atrial fibrillation, ventricular tachycardia, or aortic incompetence) (as in Fig. 2 ). Note the excellent correspondence of predicted survival to actual survival in the patients without such factors and substantial underestimation of risk in patients with these conditions. Table 6 Prevalence of risk factors in the time-frame 1971 to July, 1987 and in the recent era of the prospective study, July 1987 to January, 1992. Orginal and categorical variables.
-1987 (n =5880)
1987 -1991 (n =3720) closure of the study population) some patients were operated with severe coronary artery disease, very high pulmonary artery pressures and beyond the criteria for heart-lung transplantation. This group is small and their mortality is high. Yet it is unlikely that in the future a stable risk factor coefficient for this group can be obtained. This leads to the general pragmatic inference that when patients have rare risk factors that have either not been examined previously by multivariable analysis or whose effects were examined but could not be estimated, risk is liable to be underestimated. We have not excluded the possibility that more subtle lack of fit in some patients could be due to inadequate transformation of ordinal and continuous variables, such as age at operation and ejection fraction (improper model specification). Because of the high degree of correlation between alternative transformations of the same variable, it is unlikely that a multivariable analysis of residual risk such as we conducted will identify better variable transforms unless searched for on an individual basis.
Medical audit
Governments [4, 7] stimulate or impose upon cardiac surgery centres the collection and submission to them of data concerning all treated patients for the purpose of medical audit. Most of the data are limited to the hospital stay, even though procedure-related mortality and morbidity is unrelated to the time of hospital discharge (see extent of early phase risk after CABG in Figs. 1, 2 and 4-7 a and b) . The data are also limited in the number of clinically relevant variables collected, and the quality control of data collection is rarely validated. All these data limitations can be interpreted as reflecting an orientation of medical audit toward institutions (immediate safety and effectiveness of therapy) rather than toward the long term well being of individual patients (appropriateness of therapy). This study is an example of a medical audit involving multivariable time-related methodology that extends the audit beyond the procedure-related mortality and morbidity phase. Nevertheless, we recognise the complexity of this type of serious analysis of a clinical experience such as we have presented. It requires profound knowledge of the audited data and close collabo-ration of clinical and analytical investigators. It is labour-intensive. A reward for such effort is not only the valuable clinical insight into the data themselves but also the demonstration of the ease by which superficial analyses can both miss important risk factors and misinterpret others.
Inferences
This study demonstrates that prediction of clinical outcome, as a basis for patient-care decision making and informed consent, is reliable for the vast majority of patients in whom surgical revascularisation is being contemplated. Further, the predictions for individual patients can vary considerably from an average survival curve that represents the overall results of a heterogeneous group of patients with variable risk factor prevalences. This demonstrates the need for methods that permit patient-specific predictions of outcome. The study demonstrates that equations generated from a medically informed analysis of clinically meaningful variables, predicted risk-adjusted outcome reliably in a new group of patients. The predictions remained reliable in the face of substantial differences in the prevalence of risk factors (case mix) between the data base on which the predictions were based and the new patients.
The study also demonstrates that, when certain risk factors are present, known from other information to increase risk but unaccounted for in a multivariable model, prediction will underestimate risk. The study suggests that institutional factors may affect predictions, particularly in the setting of the introduction of new, inexperienced surgeons. The fact that they may obtain good results in low risk patients may obscure the reality that their risk-adjusted outcomes may be less good.
The limitations and pitfalls of superficial medical audit are identified. The study suggests the value of using equations for such audits that are rich in relevant clinical variables and which are followed by an intensive investigation of the departure of actual outcomes from those predicted.
